INTRODUCTION
The epidemiology of acute post-streptococcal glomerulonephritis (APSGN) has changed substantially over the past 50 years. Before the 1980s APGSN was relatively common worldwide with multiple large and recurrent epidemics reported, especially in the Native Americans in the United States and in Central and South America. 1 Many of these epidemics were thought to be related to streptococcal skin rather than throat infection, often associated with preceding scabies. 2, 3 Over the past 20 years there has been a substantial decline in the reported incidence of APSGN in many industrialized countries. 1, [3] [4] [5] [6] Despite this declining incidence of APSGN in many developed countries, there is still a significant global burden of disease. It has been estimated that there are more than 470,000 cases of APSGN worldwide annually with ~5,000 deaths, with 97% occurring in less developed countries. 7 It is likely that APSGN is underreported in many developing countries and these figures are likely to be an underestimate of the true burden of this condition.
As in most developed countries, the southern temperate regions of Australia have sporadic cases of APSGN, mostly related to pharyngitis. 8 In contrast, in tropical northern Australia APSGN is far more common and outbreaks have previously been reported in Aboriginal communities. 9, 10 In the Northern Territory (NT), which comprises a semi-arid central Australian region and a tropical northern region, sporadic cases occur each year but also larger outbreaks in the northern region are documented by public health authorities around every 5-7 years. 11 The majority of these cases are related to pyoderma caused by infection with Streptococcus pyogenes (Group A Streptococcus [GAS]), often with underlying scabies. 12 The overall incidence and patterns of disease in this population have not been characterized.
It has long been recognized that certain GAS M protein types, as now determined by the emm genotype ( emm sequence type), are associated with nephritis and these are mostly different from the emm types that cause acute rheumatic fever. 13 Previous studies of the molecular epidemiology of GAS in Aboriginal communities of the NT have shown that there is a wide diversity of emm types present. The GAS carriage is dynamic with high acquisition rates within households. 14, 15 We reviewed the epidemiology of APSGN within the NT over a 16-year period with the aim of determining the current incidence, patterns of disease, and diversity of emm sequence types of GAS responsible for APSGN in the region. We document that despite declining rates of APSGN in other industrialized countries, rates remain very high for children living in remote Indigenous Australian communities.
MATERIALS AND METHODS

Setting.
The NT is sparsely populated with a population of ~195,000 in 2000. It occupies 15% of the land mass of Australia but only 1% of the population. The northern third, referred to as the "Top End" has a tropical climate, whereas the southern two-thirds are referred to as "Central Australia" with a much drier climate year round.
There are ~65,000 Indigenous Australians in the NT, representing around 30% of the population. In comparison, Indigenous Australians make up only 2.4% of the total Australian population and comprise both Aboriginal and Torres Strait Islanders. 16 In the NT, 80% of Indigenous Aus tralians live in remote or very remote locations. Indigenous Australians have poorer health outcomes than non-Indigenous Australians with Abstract. Data relating to acute post-streptococcal glomerulonephritis (APSGN) from the notifiable diseases surveillance system in the Northern Territory of Australia was extracted and analyzed. Isolates of Streptococcus pyogenes from confirmed cases were emm sequence typed. From 1991 to July 2008, there were 415 confirmed cases and 23 probable cases of APSGN notified. Four hundred fifteen (94.7%) of these were Indigenous Australians and 428 (97.7%) were people living in remote or very remote locations. The median age of cases was 7 years (range 0-54). The incidence of confirmed cases was 12.5/100,000 person-years, with an incidence in Indigenous Australian children younger than 15 years of age of 94.3 cases/100,000 person-years. The overall rate ratio of confirmed cases in Indigenous Australians to non-Indigenous Australians was 53.6 (95% confidence interval 32.6-94. a life expectancy that is estimated to be almost 20 years less than non-Indigenous Australians. 16 The Top End of the NT has two seasons. The "dry" season runs from April to September when the weather is cooler, less humid, and there is little rain. The monsoonal "wet" season runs from October to the end of March and during this period it is hot, humid, and rainy. In Central Australia there is a desert climate with occasional rain throughout the year. During the period of April-September the weather is cooler than the months of October-March.
Epidemiological data. Epidemiological data was obtained from the Northern Territory Center for Disease Control (NTCDC). Acute post-streptococcal glomerulonephritis is a notifiable disease in the Northern Territory and electronic collection of data were established in 1991. The case definition of a confirmed case is a clinically compatible illness (two of hematuria, hypertension, and facial or peripheral edema) and laboratory evidence including hematuria (> 10 red blood cells/μL), plus evidence of streptococcal infection with either positive streptococcal serology (anti-streptolysin O[ASO] > 250 IU/mL, anti-DNAse B > 200 IU/mL), or positive culture from throat or skin plus a reduced C3 level (normal 0.86-1.84 g/L). Probable cases were defined as subclinical cases with laboratory evidence only.
Patients were defined as living in a remote or very remote location if their place of residence had a score of 5.92 or more using the Accessibility/Remoteness Index of Australia (ARIA). 17 Notifications of cases from outside the Northern Territory (often communities close to the borders) were excluded from incidence calculations but included in other analyses.
Source of streptococcal isolates and laboratory methods. All emm sequence typing of S. pyogenes isolates was performed at the Menzies School of Health Research (MSHR) streptococcal research laboratory in Darwin. The streptococcal isolates used in this study were collected between 1990 and 2008 and included isolates from community screening projects run through MSHR and isolates from patients and contacts cultured at the Royal Darwin Hospital microbiology laboratory or the local private pathology laboratory that services many of the remote communities (Western Diagnostic Pathology). Isolates were included in this study if they were collected from a skin sore swab or throat swab from a patient confirmed to have APSGN using the above diagnostic criteria. Swabs were performed at the discretion of the treating clinician and not all patients had both skin swabs and throat swabs performed. The vast majority of positive cultures were S. pyogenes from skin sore swabs. The NTCDC notification database and hospital patient records were used to obtain epidemiological, clinical, and laboratory data. If a case had not been notified to NTCDC but clinical information and pathology results were available to confirm a diagnosis, that case was included.
In addition to bacterial isolates from confirmed cases, 16 isolates were available from contacts and community screening done in one community during a widespread outbreak in 2005. These were also emm sequence typed to gain further insight into the streptococcal strains responsible for this large outbreak.
The streptococcal isolates underwent emm sequence typing based on methods described by the U.S. Centers for Disease Control and Prevention (CDC) with minor modifications as previously described. 14, 15 
RESULTS
Epidemiology.
From 1991 until July 2008 there were 415 confirmed cases, including 13 cases notified in people living in communities outside the NT. There were 23 probable cases of APSGN reported that were excluded from analysis of incidence. The demographic details of the study population are displayed in Table 1 . The majority of cases occurred in Indigenous Australian children who lived in remote locations. Figure 1 shows the age distribution of cases with 386 (88.1%) occurring in children < 15 years of age and an overall age range of 0-54 years (median 7 years). Figure 2 is a map of the local community incidence of cases in children 0-14 years of age, which shows geographical distribution of cases within the NT with a predominance seen in the Top End.
The incidence rates for different populations within the NT are shown in Table 2 . The highest incidence of 94.3 cases/100,000 person-years occurred in Indigenous children < 15 years of age. The rate ratio of cases in Indigenous Australians to nonIndigenous Australians was 53.6 (95% CI = 32.6-94.8).
The incidence of APSGN varied from year to year reflecting the occurrence of yearly sporadic cases and small clusters, with the occurrence of larger more widespread outbreaks approximately every 5 years (see Figure 3 ). These outbreaks predominantly affect those < 15 years of age. Seasonal distribution. In the Top End there was a peak of notifications from April to June in the early dry season, whereas in Central Australia there was no significant seasonal change (see Figure 4 ) . In the Top End 64.7% of cases occurred in the dry and 35.3% in the wet ( P < 0.0001). This seasonal distribution within the Top End may reflect a larger number of outbreaks occurring at this time.
Emm sequence types. Cross-referencing between the Menzies School of Health Research streptococcal isolate database, the NTCDC notification database, and hospital clinical records identified isolates associated with 20 confirmed cases. Seven cases from 1991 and 1992 included in the analysis were identified from the MSHR streptococcal database and confirmed by clinical records but had not been notified to NTCDC. All GAS emm types found were represented in skin sore isolates. In two APSGN cases the same GAS emm type was cultured from throat swabs and from a skin sore swab; emm 55.0 in one case and emm 68.2 in the other. There were no GAS isolates found only in throat swabs, although throat swabs were not collected in all cases. Table 3 shows the emm types isolated during the study.
Emm 55.0 GAS was isolated from four cases during the 2005 outbreak from four geographically isolated communities within the NT. In addition, emm 55.0 GAS was isolated from four of five case contacts in 2005. Emm 55.0 was also isolated from a confirmed case in 1992.
In 1995, the year of the other large outbreak, emm 19.7 GAS was isolated from a confirmed case in the community with the most cases. Emm 19.7 was also isolated from a suspected case that could not be confirmed retrospectively. Emm 1-4.0 GAS was isolated in the same year from a sporadic case. It is not known whether that person had been in contact with people from communities involved in the outbreak.
From the outbreak in 2000 emm 3.22 GAS was isolated from three different communities in one district. Emm 70.0 GAS was also isolated from a case in one of these communities. From a community in a different district that had 13 confirmed cases, emm 49.3 and emm 85.0 GAS were isolated.
DISCUSSION
This study demonstrates that despite a decline in the incidence of APSGN seen in many parts of the industrialized world, rates of APSGN in the NT remain high in the Indigenous Australian population. Recent studies have estimated an annual incidence of APSGN in developing countries of between 9.3 and 28.5 cases/100,000 population. 1, 7 This is comparable to our overall estimated incidence in the NT of 12.5 cases/100,000 person-years. However, the rates in the Indigenous Australian population are significantly higher. The incidence in Indigenous Australian children in the Northern Territory < 15 years of age of 94.3 cases/100,000 is almost double the rate of 50.5 cases/100,000 reported in Maori children in New Zealand in the 1980s, 20 and is more than three times the estimated rate for children in the developing world calculated by Carapetis and others. 7 In one small Aboriginal community the incidence in children < 15 years of age over the study period was 891 cases/100,000 person-years, accepting that the denominator is small in calculating this figure. Indigenous Australians have also previously been reported to have extremely high rates of rheumatic heart disease. 21 The short term prognosis for children with APSGN is generally good with a mortality of < 0.5% and fewer than 2% progressing to end-stage renal failure. 22 The long-term implications of APSGN are less clear with studies reporting mixed outcomes. 23 Although many studies have reported favorable outcomes, some are less reassuring, especially in the Indigenous Australian population. A recent study has found significantly higher rates of albuminuria in Indigenous Australians with previous APSGN compared with controls. 24 Given albuminuria is a marker of early chronic kidney disease, this suggests that APSGN may be contributing to the extremely high rates of chronic renal failure seen in Indigenous Australian adults. 25 The incidence rates in this study included only notified confirmed cases. Case ascertainment and reporting is likely to be incomplete. For instance, since 2005, 23 cases have been notified on the basis of laboratory criteria alone (subclinical or probable cases) and these were not included in this analysis. The true incidence of APSGN is therefore likely to be considerably higher than that calculated in this study.
Although we were unable to definitively ascertain the site of underlying streptococcal infection in cases in this study, in previous reports of APSGN outbreaks within the NT the majority of cases have been attributed to impetigo. During the outbreak in 2000, 87% of cases were reported to have skin sores and 40% had scabies. 12 Group A Streptococcus were isolated from 26% of cases, all of which were from skin sores. The prevalence of impetigo has been documented in up to 70% of children in Indigenous communities. 26 In contrast, pharyngitis has been shown to be uncommon in indigenous communities. 27 However, although we documented a seasonal distribution of APSGN in the Top End of the NT with a peak in the early dry season from April to June (generally corresponding to Top End outbreaks), there is not a clearly Figure 2 . Local community incidence of acute post-streptococcal glomerulonephritis (APSGN) in children 0-14 years of age (annual incidence/100,000 person-years). recognized seasonal distribution of pyoderma in this region. Although one previous study showed a peak in the dry season in one community, 27 a three year surveillance study, as part of the "Healthy Skin Program," did not show an overall seasonal change in prevalence of pyoderma or scabies. 28 Although APSGN occurs after a streptococcal infection, isolation of GAS from confirmed cases was uncommon in this study and in part reflects a generally low rate of skin sore sampling in cases. Additional limitations to attributing APSGN to a specific emm type include the potential for simultaneous carriage of multiple types 21 and the rapid clearance of specific types from households.
14 Nevertheless, isolation of GAS from confirmed cases is generally regarded as evidence of a causative link, with isolation from other community members at the time of an outbreak providing circumstantial evidence of the potentially nephritogenic S. pyogenes.
In this study, 20 GAS isolates representing 12 different emm types from confirmed APSGN cases were identified. Sequence type emm 55 GAS was identified as being associated with an outbreak and has also been reported from a previous APSGN outbreak in the NT in 1983 10 and from outbreaks in Trinidad 29 and cases in Ethiopia. 30 A prospective household study swabbing throats and skin sores for GAS in two of the outbreak communities, 14 performed during the period of the APSGN outbreak in 2005, showed a peak of isolation of emm 55 GAS corresponding with the outbreak. This study showed that emm 55 GAS was the predominant type isolated in the communities during this time over a 3-month period and emm 55 GAS was not isolated prior, or subsequently. This supports the theory that the nephritogenic GAS type introduced to the communities spreads quickly and then disappears, possibly corresponding with the development of type-specific immunity in the local population.
Other epidemic types found in this study include emm 3.22 GAS, which was isolated from skin sores in three cases during the 2000 outbreak in three different communities in one district. Serotype M3 GAS has previously been associated with pharyngitis-associated APSGN in other countries 31 but not definitively with pyoderma-associated APSGN. Serotype M3 GAS has also been recognized as having a predilection for throat rather than for skin. It was also the most common type isolated from the throat of 500 school staff and children screened in New Zealand in 1983 in response to a cluster of cases of acute rheumatic fever. 32 However, all the emm 3.22 GAS isolates in our collection were isolated from the skin sores. Emm 49.0, emm 70.0, and emm 85.0 GAS were also isolated from individual cases in outbreak communities during 2000. Serotype M49 GAS has been widely reported as a causative strain of pyoderma-associated APSGN and has been responsible for previous outbreaks. 20, 33, 34 Emm 70 and emm 85 GAS have not been previously reported to be associated with APSGN. It is possible that unlike the outbreak in 2005, which appears to be related to one type of GAS, there may have been multiple types responsible for the outbreak in 2000. There was only one isolate from a confirmed outbreak case in 1995, which was emm 19.7 GAS that has not previously been reported in association with APSGN.
Of the GAS types found in sporadic cases of APSGN, emm 57 is well recognized to cause pyoderma-associated APSGN. 20, 35 Emm 68.2, emm 91.0, emm 98.1, and emm 105.0 GAS have not previously been reported in association with APSGN, although it is possible that these more recently described types were not able to be identified by the serotyping methods used in older studies.
Of the 12 GAS emm types reported in this study, only two would be covered by the 26-valent M-protein-based GAS vaccine that has been under clinical investigation. 36 A review of the global distribution of emm types by Steer and others 37 found that this vaccine would provide poor coverage of emm types seen in Africa and the Pacific, highlighting the need for further molecular epidemiological data from these regions.
Although APSGN has classically been associated with infection with GAS, it has occasionally been reported to occur after infection with other streptococcal species. 1 Lancefield group C and G streptococci (GCS/GGS) have been associated with APSGN, in particular Streptococcus zooepidemicus , which has been responsible for a number of APSGN outbreaks associated with unpasteurized milk. 38, 39 A recent surveillance study we undertook showed that GCS/GGS, especially Streptococcus dysgalactiae subsp. equisimilis are frequently isolated from the throats of Indigenous Australians in our region, although this represented asymptomatic carriage, with the study finding little evidence of GCS/GGS pharnygitis. 27, 40 The GCS/GGS, with the exception of S. zooepidemicus, can produce hemolysins that cross-react with streptolysins produced by GAS and can cause elevations of ASO. 41 It is therefore possible that in some cases of reported APSGN in this study, elevations of streptococcal serology may be affected by the presence of GCS/ GGS, although the lack of clinical pharyngitis from GCS/GGS makes this generally unlikely. The role if any of GCS/GGS as a potential causative agent of APGSN in this setting remains unclear but warrants further investigation. Nevertheless, given that the vast majority of APSGN cases in our region have been associated with pyoderma 12 and that GAS has been the dominant Streptococcus species in pyoderma, with GCS/GGS mostly restricted to throat isolates, 27, 40 it is very likely that GAS accounts for the vast majority of APSGN cases and in particular the epidemics.
APSGN remains a significant health problem in Northern Australia. The rates of APSGN in the Indigenous Australian population are among the highest documented worldwide, accepting that in many countries case ascertainment and reporting is limited. In Australia, this condition predominantly affects Indigenous Australian children living in remote Indigenous communities in the sub-tropical and semi-arid areas of Australia. In these communities living conditions are often poor, with marked overcrowding of housing 42 and often inadequate sanitation facilities, 43 which together facilitate the rapid spread of GAS. 44 Improving living conditions, housing, and education in remote communities is thus essential to reduce the rates of APSGN and other sequelae of GAS infection. Reporting of these rates has been made possible by the presence of a developed public health surveillance network in Australia. It is likely that the high rates of APSGN reported in this study do not reflect a problem only present in remote Indigenous Australian communities, but instead a global problem that is present in many developing countries but is underrecognized and underreported. 
